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Spleen and peritoneal macrophages obtained from innately resistant A/J mice released low levels of inter- 
leukin 18 (IL-18) upon infection with Salmonella typhimurium C5 RP4. Incubating the cells with recombinant 
gamma interferon (rIFN-7) enhanced IL-18 production. A/J mice treated in vivo with anti-IL-18 antibodies 
showed impaired resistance to infection, with increased bacterial loads in the liver and spleen. Administrate n 
of rIL-18 could protect A/J mice from challenge with a lethal dose of virulent salmonellae, with a dramatic 
reduction in bacterial numbers in the tissues. rIL-18 administration did not ameliorate the disease in 
IFN-y-R ' mice. IL-18 proved to be required for IFN-7 production by mouse splenocytes from conventional, 
scid 9 and rag-I"'' mice; in vivo IL-18 neutralization caused a decrease in circulating IFN-y levels. Thus, IL-18 
is a key factor in early host resistance to Salmonella and probably acts via IFN-7. 



</^> A better knowledge of the mechanisms of pathogenesis and 
LAJimmunity operating in Salmonella infections is needed for a 
CObmore rational approach to the treatment of the disease as well 
as for the development of improved vaccines. 

The mouse model is widely used for the study of systemic 
Salmonella infections. In mice, host-adapted salmonellae can 
invade and multiply in the tissues of the reticuloendothelial 
system (RES), with the severity and outcome of the disease 
depending on the infecting dose, on the virulence of the bac- 
terial strain, and on the genetic background of the animal (15). 

In mice, early resistance is under control of the innate re- 
sistance Nramp (Ity) gene, which is expressed by macrophages 
(10). In lethal infections, bacterial growth in the tissues 
progresses unrestrained until large bacterial numbers are 
reached (ca. 10 s CFU), causing death. In sublethal infections, 
survival requires an early host response that controls the 
growth of the organisms in the tissues (5, 12). This early re- 
sponse does not require functional T cells, depends on the 
presence of bone marrow-derived cells (mononuclear cells) 
(5), and coincides with the formation of granulomas in the 
infected tissues (18, 26). Most of the salmonellae in the spleen 
and liver of the infected animal are localized within the phago- 
cytes present in the focal lesions (26). 

Several cytokines and soluble factors play a crucial role in 
early resistance to mouse typhoid. Tumor necrosis factor alpha 
(TNF-a)-interleukin 12 (IH2), gamma interferon (IFN-7), 
and nitric oxide derivatives (NO) are all required for the con- 
trol of Salmonella growth by the infected host (8, 13, 14, 16-18, 
20, 21, 30). TNF-a is needed for granuloma formation (18); 
IL-12 is required for IFN-7 production by NK cells (16, 24, 25); 
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IFN-7 is a key factor in the enhancement of Salmonella killing 
by macrophages (6). 

IL-18 is an 18- to 19-kDa cytokine produced by several cell 
types, including activated mononuclear cells and epidermal 
cells, in response to bacterial and inflammatory stimuli (22, 
27). IL-18 specific mRNA can be detected in a wide range of 
cell types (29). The cytokine is produced as a precursor 
polypeptide, which is cleaved by caspase 1 to yield a 157- 
amino-acid biologically active monomer (4). lL-18 has multiple 
biological activities including induction of IFN-7 from NK cells 
and antigen- or mitogen-stimulated Thl cells, upregulation of 
IL-2R on T cells (9, 28), enhancement of Fas ligand-mediated 
cytotoxicity of murine T-helper cells (3), and augmentation of NK 
cell cytotoxicity (28). DU-18 and EL-12 have a synergistic effect on 
the induction of IFN-7 from T cells, probably due to the upregu- 
lation of IL-18 receptors by IL-12 (1, 28). 11^18 has been recently 
shown to induce TNF-a from human NK and T cells (23). 

IL-18 plays a role in host resistance to infection and in 
lipopolysaccharide-induced histopathology. The cytokine en- 
hances host resistance to infection with virulent Cryptococcus 
neoformans (31) and is involved in LPS-mediated liver injury in 
animals exposed to Propionibacterium acnes (22). Recently, 
IL-18 has been shown to play a crucial role in the control of 
Yersinia enterocolitica infection in mice (2). 

In the present study, we investigated the role of IL-18 in host 
resistance to virulent salmonellae by using the mouse typhoid 
model. We assessed whether IL-18 is induced in response to 
Salmonella-, we studied the effect of administration of anti- 
IL-18 antibodies and recombinant IL-18 (rIL-18) to Salmonel- 
la-infected mice; and we evaluated the involvement of IL-18 in 
IFN-7 production from mouse splenocytes. Finally, we wished 
to assess whether IL-18 acts via IFN-7 induction. 

MATERIALS AND METHODS 

Animals. A/J. C57BL/6, C57BL/6 rag-I~'-, 129 sv, and 129 sv IFN-7-R-'- 
mice were purchased from BaK Universal Ltd. C.B.-17 and C.B.- 17 sad mice 
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were purchased from Charles River UK. Ltd. Age- and sex-matched groups 
were used when older than 8 weeks. B'«"P> 
i .^", Ct !' i *" f Wtonunum CS is a virulent strain with an intravenous (i.v.) 50% 
"n* t?t f °' M and >» •» ■»!« of ca. 10" CFU (reference 16 and our 
unpublished obseivauons). Bacteria were grown at 3TC as stationa^ overnight 
cultures n Luna-Bertani (LB) broth (Difco). Aiiquots were snap-frozen and 
mSZ i"* al "°S' n - ^ moculum was diluted in phosphate-buffered saline 
(PBS) and injected in a lateral tail vein. The dose was further checked by pour 
plaung. For infection of macrophage cultures, the ampicillin-resistant S. typhi- 
£?r£?„ T" * !T e broth containing JO M of ampicillin 
per ml. The mouse virulence of S. ryphimurium CS RP4 and S. typhimmium CS 
l r LZL" m ^ r tenns .°' / lethal dose and growth curves in innately 
susceptible and resistant mice (our unpublished observations). The bacteria were 
diluted at the appropriate concentration in RPMI 1640 containing 10% fresh 
mouse serum and incubated at 37>C for 50 min before being added to the 
macrophage cultures. In a series of preliminaiy experiments, we found that a 

wSSS^^S^-^f 5-1 gaVC ,he hi « he « '"""cellular bacterial 
penetration of S. typhxmunum CS in murine peritoneal and splenic macrophages 
Bacterial enumeration In organ homogenates. Mice were sacrificed by cervica 

w^h° n « Splee K n$ and 'r er ? We " — P*"* fem °v'd homogenized in a 
Colworth stomacher m 10 ml of distilled water (16). Viable counu were per- 
formed with pour plates of LB agar. 

„ '^"'flL' 8 «nd rtL-U. Neutralizing anti-IL-18 antiserum was pre- 

S™ of rabbits immunized with murine rlL-18. A 200-ng dose of 
ami-IL-18 antibody completely blocked the IFN^-inducing activity of 50 ng of 

J? VL Sp ' Cen ceUs s, " nul8 ««' with concanavalin A (ConA) (22) 
cO^fT^ 88 deSCrib ^ eke * bere (22) The endotoxin content was 

glku %Z^S£]ZZT' d by ,hc LUnub » ameb ~* c *«• 

eJ^S!?™? pe 5? OI, "'.» ,M ' «f te »«« macrophages. Mice were sacrificed by 

JtV^ U J? ' V" ltCd ^"Sdom) containing 10 U of heparin (Sigma) per 
Slle^d w«h ^r*^ peri r Ca ' ™ "—»«*»■ and the ills i£e 

faRMA ES?? , Um " by centrifugauon at 290 X g for 7 min. resuspended 

"^i'J* 4 ? supplemented with 2 mM glutamine, I mM HEPES (Sigma). 50 
jig of ampwdkn (Sigma) per ml, and 10% heat-inactivated fetal calf serum (FCS) 
(Sigma), and dispensed in 24-well plates (Coming. Corning. N.Y.) L l$ Tells pe2 

maCTO P ha «cs were prepared by a modification of the method de- 
ml^^ ^k" " BriCfly ' Sp,eens were ^P'ically removed and 

Zu^tt <l U £ 3 StamlCSS Sieve in RPM! 1640. The supematan, was 
5°"^. Gross pieces were allowed to sediment before being treated with 

^ DNase 1 in »"d Mg~-free Dulbe^o 

S, P h ° SP , ha,e " buffered ^ (D " PBS > for 45 min « 37-C The supe^ 
tarn and the collagenase-treated sediment were pooled and incubated in Gey's 
solution to lyse erythrocytes and the cells were washed three times at 290 X /for 
LZi'STSf !" RPMI i 640 su PP'«nented as described above, an/d.V 
SS^lin. ^V*" P ' ateS at 1( * cellsAvell. After a 3-h incubation, the plates 

o^emZ 8 in P i PMi a 2 d A Pen,0nea ' "i* WCre vi e°'° u ^ and incubated 

supplemented as described above. Different sets of wells 
were mcubated for 16 h wuh medium alone or with medium containing recom- 
binant murine IFN-, (8,000 to 100 U/ml) (kindly provided by G. R. AdoTf 
t*cndcr, Vienna, Austria). 

Adherent ce^ wcre washed once and exposed to 500 |U of the opsonized 5 
VP*™™ C5RP4 (time zero) at a bacterium-to^ell ratio of approximate^ 5^ 

with RP^f/L^* "fE -- n W3S rCm ° VC<3 ' thc wc " s wcrc washed ^ree times 
m^^^i. «, :." n . d thc , cc,Is werc cultured in RPMI 1640 supple- 

mented w,th 2 mM glutamine. 1 mM HEPES, 50 u-g of ampicillin per mi 5 « 
of gentamicm (Sigma) per ml t and 10% heat-inactivated FCS* Superb a™ £ were 
removed at intervals thereafter and stored at -7CTC until ^ upcrnatants wcre 
Splenocyte cultures. Splenocytcs were prepared as described elsewhere (16). 
wore L^J^f^ by ^T? 1 dislocation ™d «ng'^ll suspensions 
S i T^' 7 ? C CCllS Wcre washcd on « in RPMI 1640 medium and incu- 
™«^^h y 5 SOl "i ,0 , n t0 J^ lhC «y^«cyt«. Uukocytes were washed twice 
ml lr^ ndCd 10 ^c- 164 °, su PP^«ted with 100 U of penicillin pTr 
ml, 100 p.g of streptomyan (Sigma) per ml, 2 mM glutamine, 2 x 10" s M 
p-merca P «oethanol, 1 mM HEPES, and 10% heat-inactivated FCS, For stimu^ 
lation with whole bacteria (10 s CFU of S. typhimurium C5), cells were d^sinTed 
at a concentration of lOVwe.l in flat-bottom 96-well plates' (CornTn^ I Yto J 
and s™ed ™* U ™ cnts > the ^™tants were harvested at 48 h aliquoted, 

aJaVfELI^-r^ 18 W ?^ mcaSUred ^ ^ cnzyme-linked immunosorbent 
W«Un Wof ^ a " tibod !« ^e ELISA react with mature IL-18 in 

Western blots (our observations). We coated 96-well ELISA plates (Maxisorn 
Immunoplates Nunc. Roskilde, Denmark) at room temperanTre (RT) fo 
with 100 pJ of capture monoclonal antibody 74 (rat spIenocyte/vW.2 3 rat 
myeloma) per weH in D-PBS at 20 pg/ml. After blocking vv^O ^1 of D PBS 
containing 1 % bovine serum albumin (Sigma) for 30 min at RT, 50 *l of D-PBS 
contammg 1% bovine serum albumin, 5% FCS, and 1 M Nad was added to each 
well. Samples and standard dilutions of recombinant murine IL-18 ranging be- 

thnTica e a a n rf 0 ; 1 H n ^ m, ^ RPMI ^ ^ W% ^ ™ ^ inT'l n 
triplicate, and the plates were incubated at RT for 3 h. After being washedTthe 
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peritoneal 
peritoneal + IFNy 
splenic 

splenic + IFN7 




Time after infection (hours) 

m^.? m L'i PcriloncaI and s P ,e ™ macrophages were cultured overnight with 
medium alone or m the presence of 800 U of rIFN- 7 per ml The cik were 

WrnlrlnS L^ST^ ^ ^ ( ° h) * 3 baaeriu^-tote^ 
f"^™^if f0r l Y lS mcasurcmcnls collected at the indicated times 

cu?tur« 7: ^ C r ^ ItS e ? rcsscd as concentration of IL.18 from triplica^ 
cultures (mean and standard deviation). "ipncaic 



plates were mcubated at RT for 3 h with 100 u.1 of the horseradish peroxidase- 
conjugated detection monoclonal antibody 93-10OHRP (rat splenocMe^S/O 
mouse myeloma) in D-PBS containing 5% FCS, 0.15 M NaCI andTl%* U^Z 
cholamidopropyl)^imethylammonioJ-l-propane^ ?Si>I?S; SiLafa 

0 4 ^g/ m i. o-Phenylenediamine (OPD) (1 mgAnl in 02 M^HPO^ m 
curate buffer) in the presence of H.o/was used to develor^ , tb ^o^« ^ 

w^e°a n d W a a t S X %Zf** 15 ^ ^ M ^ per ml. %£\ dens^ 
^J 90 nm IU18 concentrauons (in picograms per milliliter) were 

r.^p S as;dTomTh^„r& 

each well of 96-well ELISA plates at 3TC for 2 h with 50 ill of i cantuTe r« 
o"l M NaHC^ ^""O^obulin Gl monoclonal JtTbo^cfone SSS)ta 
h? t- Uffer , ( -2^ . 8 2) St 2 ,lg/ml and '«~b»>ed the plates ovemigh at 
(lS^«rt,^ <« ° T \ h " i,hR ? MI l«0supptementedwiU. 10%>CS 
(KTM1-FCS), samples (diluted 1/2 in RPMI-FCS) were loaded at SO ui in 
mp hcate and the plates were incubated a, 3r C for 2 h. Serial tofold Z^Z 

fm^fJ^F*- f ? m 60 ng/ml *° 40 were indod «l ^ standards Us^ of 
100 M of the biounylated rat anti-mouse IFN-f immunoelobulmGl monoclonal 
antibody (clone XMG1.2) at 1 wj/ml in PBS-10% FCS (1 h a^" C) 

raS^&^tf °- P e ™~ dase -""«««' sueptavidin a, 2"^.^^ 
PBS-10% FCS (45 mm ai RT) per well. Hie reaction was developed and stonoed 

milS * ,he ,1 ' 1 ? t ELISA - concentmtions „Cp,7^ 

™"' l, , t "> w « e determmed by comparison with the standard curve. Vv?«„sW- 
ered 100 pg/ml to be the lower limit of sensitivity of our ELISA 

Statistical analysis. Student's 1 test was used to determine the 'significance of 
differences between controls and experimental groups, ^co^idefdiffe^ces 
between experimental groups statistically significant for A 0 05 """^ 

RESULTS 



IL-18 production by macrophages infected with S. typhi- 
murium. Peritoneal and splenic macrophages were cultured 
overnight in the presence of medium alone or medium supple- 

.KS W 'f h 8 ? U °S rIFN - 7 PCr ml ^ nerea f ter ' the cells were 
SES?h*? fr Vfh'munum C5 RP4 and supematants were 
h?.~h ^ for , IL - 18 f measuremen,s - Salmonella infection in- 
duced he release of low levels of IL-18 from untreated (no 
rIFN-7) peritoneal and splenic macrophages 1 h after infec- 
tion. Thereafter, low IL-18 levels were detectable in splenic 
macrophages cultures but not in supernatants from peritoneal 
macrophages (Fig. 1). r 

rIFN-7-treated macrophages (both splenic and peritoneal) 
released h.gher levels of IL-18 than did untreated macro- 
phages, with a peak being reached 1 h after infection and the 
cytokine being detectable in the supernatants throughout the 
experiment (10 h). The differences in IL-18 production be 
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FIG. 2. A/J mice were sublcthally infected with ca. 10 3 CFU of the virulent 5. 
typhimurium C5. One group of mice received two i.v. injections of 0.25 mg of 
anti-IL-18 neutralizing globulins 2 h before challenge and on day 3 of the 
infection; controls received similar amounts of NRG. Bacterial counts in the 
spleen and liver were measured on day 7 of the infection. The results are 
expressed as log 10 viable counts on four individual mice. 



tween rIFN-7-treated and untreated macrophages were statis- 
tically significant 1 and 2 h after infection (Fig. 1). The exper- 
iment in Fig. 1 is representative of three similar experiments. 

A statistically significant enhancement of IL-18 production 
from peritonea] and splenic macrophages was observed over a 
wide range of IFN--Y concentrations (100 to 8,000 U/ml) (re- 
sults not shown). No IL-18 was detected in uninfected cultures. 

Thus, resident peritoneal and splenic macrophages release 
IH8 in response to Salmonella, IFN-7 stimulation of mono- 
nuclear cells greatly increases IL-18 production. 

Effect of IL-18 neutralization on host resistance to Salmo- 
nella. AJ1 mice were sublethally infected with ca. 10 3 CFU of 
the virulent S. typhimurium OS. One group of mice received 
two i.v. injections of 0.25 mg of anti-IL-18 neutralizing globu- 
lins 2 h before challenge and on day 3 of the infection; controls 
received a similar amount of normal rabbit globulins (NRG). 
On days 1 and 3, bacterial counts in the spleen and liver were 
similar in control and anti-I!^18-treated animals. Conversely, 
on day 7, bacterial counts in the spleen and liver were signif- 
icantly higher in anti-IL-18-treated mice than in NRG-treated 
controls, indicating a clear exacerbation of the infection (Fig. 
2). A repeat experiment with a larger amount (0.5 mg per 
dose) of anti-IL-18 antibodies gave similar results (data not 
shown). 

Thus, IL-18 is required for the control of bacterial growth in 
mice infected intravenously with a virulent S. typhimurium 
strain. 

Effect of rIL-18 administration on a lethal Salmonella infec- 
ti n. A/J mice were infected with a lethal dose (ca. 10 6 CFU) 
of S. typhimurium C5. One group of mice was intraperitoneal^ 
injected daily with 1.25 u.g of rIl-^18 starting 2 days prior to 
infection. Control mice were similarly treated with diluent 
(PBS). 

On day 7, two of five control mice (injected with PBS) were 
dead and the remaining control animals showed signs of seri- 
ous illness, while all the rIL- 18- treated animals appeared 
healthy. Bacterial counts in the spleens and livers of the in- 
fected mice were measured. Control mice showed the expected 
high premortem bacterial loads, while fewer bacteria were 




FIG. 3. A/J mice were given a lethal i.v. dose (ca. 10 6 CFU) of S. typhimurium 
C5. One group of mice was injected (i.p.) daily with 1.25 u.g of rIH8 starting 2 
days prior to infection. Control mice were similarly treated with diluent (PBS) 
Bacterial counts in the spleen and liver were measured on day 7 of the infection 
The results are expressed as iog 10 viable counts on five individual mice. 

present in the tissues of mice treated with rIL-18 (Fig. 3). A 
repeat experiment gave similar results. 

Thus, treatment with rI1^18 confers protection against a 
lethal bacterial challenge with virulent salmonellae. 

IL-18 produced in response to Salmonella triggers IFN-y 
release by spleen cells from T-cel I -deficient mice. Splenocyt s 
from uninfected C.B.-17 scid and C57BL/6 rag-l''- mice (T- 
and B-cell deficient) and wild-type control mice were stimu- 
lated in vitro with 10 5 CFU of S. typhimurium C5 or with 5 u,g 
of ConA per ml in the presence of 40 u,g of anti-IL-18 neu- 
tralizing rabbit globulins per ml. Parallel cultures w re stimu- 
lated in the presence of a similar amount of control rabbit 
globulins. IFN-7 was measured in the supernatants 48 h after 
stimulation. Cells from conventional mice of either strain pro- 
duced significant levels of IFN-7 in response to both ConA and 
S. typhimurium; a dramatic and statistically significant reduc- 
tion in IFN-7 release in response to Salmonella but not to 
ConA was seen in the cultures treated with anti-IL-18 antibod- 
ies compared to untreated cultures. Spleen cells from scid and 
rag-1 1 mice released IFN-7 in response to S. typhimurium 
but not in response to ConA. Addition of anti-11^18 antibodies 
to the cultures eliminated IFN-7 release from spleen cells of 
scid and rag-1 f ~ mice (Fig. 4). 

A statistically significant reduction in IFN-7 release in re- 
sponse to S. typhimurium but not to ConA was seen wh n using 
spleen cells from A/J mice (data not shown). 

Thus, IL-18 neutralization reduces or eliminates IFN-7 re- 
lease from spleen cells of conventional mice and scid and 
rag-1 ' (T- and B-celJ-deficient) mice. 

Effect of IL-18 neutralization on IFN-y levels in the sera of 
infected mice. A/J mice were infected and treated as in the 
experiment in Fig. 2. IFN-7 was measured in serum samples 
obtained on day 7 of the infection. IFN-7 levels were signifi- 
cantly lower in the sera of anti-IL-18- treated mice (300 2: 40 
pg/mi) than in the sera of NRG-treated controls (1,250 ± 300 
pg/ml). 

Thus, in vivo neutralization of IH8 causes a reduction in 
circulating IFN-7 levels. 

Effect of rII^18 treatment in IFN-y-R - '" mice infected with 
virulent salm nellae. 129 sv IFN--y-R~ / ~ mice and 129 sv con- 
trols were infected with ca. 10 5 CFU of S. typhimurium C5. One 
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group of mice from each strain was injected daily i.p. with 1 5 
ixg of rIL-18 starting 2 days before infection. Control mice 
were treated with PBS. On day 5, both rIL-18-treated and 
PBS-treated 129 sv IFN-7-R"'" mice showed serious signs of 
illness, and viable counts revealed similarly high bacterial loads 
in both groups (no statistical significance between groups), 
indicating that rIL-18 had exerted no protective effects. At the 
challenge dose used in this experiment, the infection appeared 
to be milder in conventional 129 sv mice, which were not ill on 
day 5. Nevertheless, day 7 viable counts in rIL- 18- treated 129 
sv mice were significantly lower than in the mice treated with 
PBS (Fig. 5). 

In a similar experiment, mice were challenged with ca. 6 X 
10 CFU of S. typhimurium C5. Viable counts were performed 
in both 129 sv mice and 129 sv IFN-7-R-'" mice on day 6 of 
the infection. Once again, counts in rIL-18 treated 129 sv mice 
were significantly lower than in the mice treated with PBS, 
while the rII^18 treatment had no effect in the IFN-7-R~ /J 
mice (data not shown). 

Thus, IFN-7 is required for the protective effects of rIL-18 
administration during salmonellosis. 

DISCUSSION 

In the present report, we show that IL-18 (IGIF) is involved 
in host resistance to virulent salmonellae. 

Splenic and peritoneal macrophages released IL-18 upon 
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day 7 
counts 




129 sv 1FN-R -/. liver 



129 svlFN-R./. spleen 



i v w£i ?6» ot7«7?T a ™~ ^nd conventional 129 sv mice were infected 
.v. with 10 s CFU of 5. typhimurium C5. One group of mice from each strain was 

injee ed ,.p. daiJy with 15 *g of rIL-18 neutralizing globulins starting 2 STp^ 
o infection. Control mice from each strain receive? PBS onl^acria^unJ 

in the spleen and liver were measured on day 5 or 7 of the infection. The resj£ 

fou/mia 35 ° 8, ° ViaWC 001,01 (mCan Bnd SUndard ^viationTongrou^ of 



infection with salmonellae. In vivo administration of anti-IL-18 
antibodies exacerbated the course of the infecti n, while 
J™ ameliorate th e disease in conventional but not in 

i > TJtr mi< ?' We a,so show tnat positively modu- 

ates IFN-7 production from mouse splenocytes and enhances 
IFN-7 production in vivo. 

♦u T Il e . ear,y J mechanisms of ^"nity to Salmonella require 
the balanced interaction of a multiplicity of factors. We and 
others have previously shown that resistance to Salmonella in 
the mouse model requires granuloma formation as well as the 
action of cytokines and soluble factors including TNF-a IL-12 

™£ d ni . triC ( f 6> 8 ' 12 ~ 18 > 20 ' 21 > ^ 30 )- ^ found 
n n ™ ,S needed for « ranuloma formation in the RES 
(18); TNF-a neutralization prevents the formation of macro 
phage-nch focal lesion in the tissues and leads to unrestrained 
growth and dissemination of the bacteria in the organs. Others 
have found that nitric oxide is also involved in resistance and 
granuloma formation (30). In vivo and in vitro evidence indi- 
cates that IFN-7 plays a key role in macrophage activation by 
enhancing the ability of mononuclear cells to restrain bacterial 
growth in the tissues (6, 20, 21). 

Increasing interest has been focused on cytokine networks in 
bacterial infections. Efforts have been made to elucidate the 
mechanisms that regulate IFN- 7 , due to the importance of this 
cytokine in early resistance and in the development of Thl- 
type long-term immunity to disease. IL12 had been identified 
as the main IFN-7 inducer in response to products of bacterial 
origin. We and others previously reported that IL-12 is abso- 
lutely required for host resistance and IFN^ 7 production in 
responses to salmonellae (8, 16). 

In the present report, we conclusively show that IL-18 is 
crucial for resistance to virulent salmonellae and for IFN-v 
production m vitro and in vivo. We found that mice injected 
with anti-IL-18 antibodies cannot efficiently control the growth 
of virulent salmonellae in the RES. Similar results obtained 
with the C neoformans and K enterocoluica mouse models 
showed that in vivo neutralization of IL-18 impairs host resis- 
tance to infection (2, 7, 31). Therefore, it appears that a com- 
mon mechanism involving 11^18 exists for the control of dif- 
ferent pathogens. This can probably be explained considerinc 
the absolute requirement for IFN-7 production in host resis- 
tance to pathogens whose growth is controlled by macrophage 
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activation, although IFN-7-independent immune system mech- 
anisms cannot be completely disregarded. 

Our results show that IL- 18 is required for IFN-7 production 
in response to Salmonella. In fact, addition of anti-IL~18 neu- 
tralizing antibodies to splenocyte cultures causes a dramatic 
reduction in IFN-7 release upon exposure to whole bacteria. 
These in vitro results are matched and further supported by 
our in vivo observations showing a reduction in circulating 
IFN-7 levels in mice treated with anti-IL-18 globulins. IL-18 
plays a role in IFN-7 release from mouse splenocytes exposed 
to Y. enterocolitica (2), although the effect is not as strong as 
that observed upon IL-12 neutralization. We observed a dra- 
matic reduction in IFN-7 production by mouse splenocytes 
after addition of either anti-IL-12 or anti-IL-18 antibodies to 
the cultures (reference 16 and see above). This discrepancy 
seems to indicate that the relative importance of IL-12 and 
IL-18 in the regulation of IFN-7 production can be different 
depending on the invading pathogen. IL-18 also induces an 
increase in IFN-7 levels in serum when exogenously adminis- 
tered to mice infected with C. neoformans (31). Furthermore, 
P. acnes* treated IL-18" 7 "" mice show reduced IFN-7 levels in 
serum upon LPS administration (28), supporting the observa- 
tion that IL-18 contributes to IFN-7 release in response to 
gram-negative bacterial products. 

In vitro evidence indicates that CD4~NK1.1* cells (NK 
cells) release IFN-7 in response to Salmonella (24, 25). Fur- 
thermore, IFN-v can be detected in the circulation of Salmo- 
neflfl.infected nude, scid, and rag-1 ~'~ (T-cell-deficient) mice 
infected with salmonellae (our unpublished observations). NK 
cells seem to be the main (although possibly not the only) 
target of the joint action of 11^12 and IL-18 in the early (T- 
cell-independent [5]) stages of murine salmonellosis. In fact, in 
the present study we found that neutralization of IL-18 reduces 
IFN--y production from spleen cells of scid and rag-1 ~*~ mice. 
These mice lack T cells, and therefore NK cells are the primary 
source of IFN-7. Our findings therefore indicate that IL-18 
production is triggered by Salmonella and that at least in T- 
ceU-deficient mice, it induces IFN-7 production by acting pre- 
sumably on NK cells. Nevertheless, our in vitro data, obtained 
with T-cell-deficient mice, cannot exclude that other IFN-7- 
producing cells are also targeted by IL-18 in conventional 
animals. Furthermore, the lack of effect of IL-18 neutralization 
on IFN-7 release by splenocytes in response to ConA seems to 
indicate that naive T cells (within the total splenocyte popula- 
tion) do not require IL-18 to release IFN-7 in response to 
mitogenic stimuli. With the present data, we neither show nor 
infer that IL-18 would not act on immune T cells specifically 
stimulated with antigen. 

IFN-7 seems to be required for the protective effects exerted 
by- IL-18. In fact, administration of rIL-18 resulted in signifi- 
cant protection and lower bacterial loads in the RES in con- 
ventional but not in IFN--y-R~ /_ mice. The in vivo and in vitro 
reduction or elimination of IFN-7 production, paralleled by 
the lack of protective effect of rIL-18 in IFN-7-R~'~ mice 
seems to indicate that IL-18 contributes to host resistance to 
Salmonella by triggering the production and release of IFN-7. 
Similarly, recent evidence indicates that IL-18 protects mice 
against pulmonary and disseminated C. neoformans infections, 
acting mainly via IFN-7 induction (31). Conversely, adminis- 
tration of rIL-18 has been recently reported to have no pro- 
tective effect in Y. enterocolitica-infectcd mice (2). 

It is becoming increasingly clearer that in Salmonella infec- 
tions, the expression of the bactericidal or bacteriostatic activ- 
ity of the RES is achieved via IFN-7 induction and requires at 
least two distinct signals provided by the combined action of 
IL-12 and IL-18. Neither cytokine is dispensable, and no re- 
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dundancy occurs. At present, we cannot exclude that IL-18 also 
mediates host resistance to Salmonella by inducing cytokines 
different from IFN-7. Interestingly, a recent report indicates 
that 11^18 is required for TNF production by human NK cells 
and T cells (23). 

IFN-7 appears to positively modulate IL-18 production from 
macrophages. A cytokine network can be envisaged in which 
Salmonella-induced IH8 (in conjunction with IL-12), triggers 
IFN-7 production, which then enhances IL-18 release by 
mononuclear cells (see Results), ultimately resulting in the 
amplification of the initial response. This interpretation is in 
line with our in vitro data showing increased IL-18 production 
by macrophages cultured in the presence of IFN-7 and with 
recent observations showing that IL-18-induced IFN-7 produc- 
tion is reduced in IFN-7-R _/ ~ mice (2). Nevertheless, it re- 
mains to be established whether IFN-7 modulates IL-18 pro- 
duction in vivo. 

The results shown in this paper allow us to conclude that 
IL-18 is a key factor in host resistance to virulent salmonellae 
by acting as a potent inducer of IFN-7. 
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